g/cm2; aL, 310.7±45.9 glcm'), and then decrease 6 weeks after infarction (oc, 115+47.2 g/cm2; a-L, 53.2±28.9 g/cm2). Stresses in the remote myocardium follow a similar time course but to a lesser extent than the infarcted region. Hydroxyproline content, a measure of collagen content, does not correlate with infarct stiffness but progressively increases to 69.7±7.6 pg/mg after 6 weeks. Stress-extension curves demonstrate directional anisotropy of both infarcted and remote myocardia.
.8±34.8 g/cm2) increase within 4 hours, peak at 1 to 2 weeks (oc, 338.5± 143. 6 g/cm2; aL, 310.7±45.9 glcm'), and then decrease 6 weeks after infarction (oc, 115+47.2 g/cm2; a-L, 53.2±28.9 g/cm2). Stresses in the remote myocardium follow a similar time course but to a lesser extent than the infarcted region. Hydroxyproline content, a measure of collagen content, does not correlate with infarct stiffness but progressively increases to 69.7±7. 6 pg/mg after 6 weeks. Stress-extension curves demonstrate directional anisotropy of both infarcted and remote myocardia.
Conclusions
The findings indicate that infarcted myocardium becomes more stiff during the first 1 to 2 weeks after anterioapical infarction and then more compliant. The infarct also exhibits directional anisotropy. These observations underscore the importance of ventricular material properties during the remodeling process after acute myocardial infarction and may partially explain the progressive left ventricular dilatation and functional deterioration that occur in some patients after anterioapical infarction. (Circulation. 1994; 89:2315 -2326 Key Words * stiffness * myocardium * infarction * aneurysm A cute myocardial infarction causes complex structural alterations that eventually lead to collagen synthesis and scar formation. Early after infarction, edema and infiltration of inflammatory cells1'2; loss of collagen matrix that extends beyond necrotic muscle cells3; infarct expansion and thinning2'4; and histochemical events leading to production of intracellular and extracellular collagen1'5'6 occur. By the first week, there is deposition of immature collagen, increase in fibroblast formation, and increased resorption of necrotic cells.1'6'7 By the second week, there is total loss of normal collagen matrix, followed by abnormal replacement with mature collagen. 36 Viable borderzone myocardium that previously lost collagen struts is now encased in a fine collagenous membrane.3 Over time, there is continued resorption of necrotic tissue and replacement with scar tissue and some viable muscle cells. There also is a tendency for fibril thickening and collagen bundle alignment along stress lines.3 These complex cellular and histochemical changes directly affect the mechanical stiffness of myocardium, which can be described by its passive material properties.
Material properties of infarcted myocardium are an important determinant of global pump function and the contractile effectiveness of noninfarcted myocardium. Nonetheless, material properties also may occur in regions that are not directly infarcted: altered stresses in the infarcted ventricle may induce remodeling that leads to stiffness changes in other regions of the ventricle. Several investigators have directly measured infarct stiffness.5'8-10 However, these measurements have all been made under uniaxial loading and therefore do not provide a unique description of three-dimensional material properties. This point has been made by Yin Fung'6 has coined the term "pseudoelasticity" to describe finite elastic theory used in characterizing tissue material properties. For the purposes of comparing noninfarcted and infarcted myocardia, it is convenient to define constitutive equations based on finite elasticity. The material parameters from these equations can be directly used to quantify mechanical changes due to infarction.
We developed biaxial tissue tests used to determine stiffness (elasticity) of both infarcted and noninfarcted myocardia. We used an experimental model of an anterioapical myocardial infarction in sheep that produced large, reproducible, transmural infarcts that uniformly progressed to ventricular aneurysm similar to that seen in humans.4 Infarcts of varying ages were excised and subjected to direct mechanical testing using a biaxial stretching apparatus. Statistical comparison of myocardial stiffness with infarct age was performed based on material properties computed from mathematically modeling the stress-strain curves using a constitutive relation based on the theory of finite deformation elasticity.
Methods
A total of 29 adult Dorsett sheep (38.6-+-6.8 kg) were studied. All animals were studied in compliance with National Institutes of Health publication No. 85-23 as revised in 1985. Biaxial mechanical tests were performed on sections of the left ventricular free wall from normal ovine hearts and noninfarcted and infarcted sections from hearts 4 hours to 64 days after induction of myocardial infarction.
Creating the Left Ventricular Aneurysm Anterioapical infarcts were created in 23 ovine hearts using the procedure previously developed by our group.4 Anesthesia was induced with sodium thiopental (25 mg/kg IV) and maintained with isoflurane (2.0% to 3.0%) after intubation and mechanical ventilation (tidal volume, 15 mL/kg; model AVEC, North American Drager). Glycopyrrolate (0.2 mg IV) was given at induction to control bronchial secretions. The chest was entered through a sterile left thoracotomy. An anterioapical infarct was produced by ligation of the left anterior descending and second diagonal coronary arteries at a point 40% of the distance from the apex to the base.4 All infarcted animals were transferred to a farm while the infarct evolved into an anterioapical aneurysm.
Harvesting the Tissue Samples
Tissue samples were harvested from hearts at various times after infarction. Six hearts were studied from animals without myocardial infarction; these represent the control group. Three hearts were studied 4 hours after ligation of coronary arteries; these were designated the 4-hour group. Eight hearts were studied from animals with infarcts ranging from 6 to 9 days; these constituted the 1-week group. Five hearts were studied from animals with infarcts from 13 to 14 days; these constituted the 2-week group. Finally, seven hearts were studied from animals with infarcts from 39 to 62 days; these constituted the 6-week group.
Sheep were killed, and hearts were excised at the above intervals after infarction. Anesthesia was induced as described above. Through a clean left thoracotomy or median sternotomy, the heart was exposed. Potassium chloride (saturated, 120 mL) was injected into the left ventricular cavity to produce immediate asystolic arrest. The heart was immediately excised, placed into cold (0 to 50C) isotonic cardioplegic solution (14 mmol/L KH2PO4, 11 mmol/L KOH, 15 mmol/L KCl, 220 mmol/L glucose, 0.1 mmol/L EGTA, 75 /Lmol/L adenosine; pH 7.4), and rapidly transported to the biaxial tissue-stretching apparatus for study.
Biaxial Tissue-Stretching Apparatus
The biaxial tissue-stretching system'7 (Fig 1) consists of five parts: (1) a microcomputer-based control system, (2) two force transducers, (3) custom-designed tissue clamps that allow biaxial motion without tissue distortion, (4) an optical system for measuring tissue displacement, and (5) 
Experimental Protocol
After transport to the biaxial tissue-stretching apparatus, separate transmural 2.54x2.54-cm tissue samples were harvested from the remote, noninfarcted tissue at the left ventricular anterior base and from clearly infarcted tissue at the anterior apex. Samples were maintained in cold (0 to 5TC) cardioplegic solution during preparation. Each sample was marked with a suture to indicate orientation. Thicknesses of each sample were measured at five locations with a custombuilt electrical resistance micrometer, and sample thickness was defined as the mean of the five thickness measurements.
The tissue samples were mounted on the biaxial stretcher. The alignment was always such that one orthogonal stretching axis was aligned in the circumferential direction of the tissue sample. Before any data collection, a reference length for the sample was determined. The reference length was defined as the length at zero force. This length was measured while applying small, cyclic, equibiaxial ramp displacements (typically 6% to 10% of the tissue length) to the sample. During this cyclic loading, outputs from both force transducers were monitored. As the clamps cycled back and forth, small adjustments in the clamp-to-clamp separations were made until the minimal loads seen on both axes were near zero. Care was taken to avoid overdistending the sample to prevent loaddependent material stiffness changes.17 '18 In practice, it is not always possible to achieve zero-load levels simultaneously along both axes. In these situations, the reference lengths were said to be found when the minimal loads on both axes were within ±1 g. The stretching was then interrupted, and the reference lengths for each axis were measured with an internal caliper (model DCG, 1.4-in., MTI, Mitutoyo). The reference length was taken as the separation between the array of pins passing through one tissue edge and the array of pins passing through the opposite edge.
After the reference lengths were determined, each sample underwent a series of cyclic equibiaxial stretches. During the first stretching cycle, the displacements applied to the sample were on the order of 6% to 10% of the reference lengths. With each successive stretching cycle, the applied displacements were serially increased until maximal stretches of approximately 20% to 25% were reached. Some infarct samples were Ai A, (3) Note that for the rest of this article, stress is given in units of grams per centimeter squared to conform with present medical literature (1 g/cm2=98.1 P).
Constitutive equations detail the relation between stress and strain under generalized loading conditions. Because it is well known that myocardium, as well as most soft tissue, undergoes finite strains, constitutive equations must be derived from large deformation continuum theories. Equation 4 shows the consitutive relation used for this study (details of the derivation are given in the "Appendix"): (4) such large stretches in stiff infarcts often produced forces exceeding the range of the force transducer.
Stiffness as a Function ofAge
Comparisons of Cauchy stresses for each direction for remote and infarcted myocardia as a function of infarct age are shown in Table 3 . For a 15% equibiaxial stretch in the remote samples, the percent change in stresses, relative to control values, is shown in Fig 7A. The data indicate that stresses increase immediately (4-hour group), peak around 1 week, and then decrease with infarct age. The circumferential direction of the remote sections becomes significantly stiffer in the 4-hour group compared with control samples. Interestingly, longitudinal stiffness of remote sections does not change significantly from control 4 hours after infarction. At 1 week, the stress levels are significantly greater than control in both stretching axes. At 2 weeks, stresses in both directions decrease from 1-week values. Finally, at 6 weeks, there is no significant difference in stresses from control (Table 3) .
Percent change of stresses relative to control with 15% equibiaxial stretches in the infarcted, apical sections are shown in Fig 7B. Stresses in infarcted samples increase immediately after infarction, peak around 1 to 2 weeks after infarction, and decrease 6 weeks after infarction (Table 3) . Stresses in both directions increase immediately after infarction, peak around 1 to 2 weeks after infarction, and decrease 6 weeks after infarction ( (Table 3) . With aneurysm development, both directional stresses in infarcted regions progressively increase more than directional stresses in the remote regions. However, 6 weeks after infarction, longitudinal stresses in infarcted samples are similar to longitudinal stresses in noninfarcted, apical samples. In contrast, circumferential stresses in infarcted myocardium at 6 weeks remain higher than circumferential stresses in noninfarcted myocardium.
Discussion
This study describes the first measurements of material properties from biaxial testing of myocardium after acute infarction and presents unexpected findings: (1) the infarcted ovine myocardium undergoes an initial period of mechanical stiffening that peaks at 1 to 2 weeks and then is followed by a subsequent period in which stiffness is reversed to preinfarction levels by 6 weeks; (2) infarct stiffness does not correlate with hydroxyproline content; (3) infarctions show changes in tissue anisotropy during the healing period; and (4) the mechanical properties of noninfarcted remote myocardium also change during the remodeling period. Although the data may be specific for sheep, the findings help explain the progressive ventricular dilation and deterioration in function observed in some patients after acute myocardial infarction. Infarct Stiffness Four hours after coronary arterial ligation, the infarct is less extensible in both the circumferential and longitudinal directions. This increased stiffness may be due to myocardial edema. George18 has shown that passive stiffness is quantitatively related to the degree of myocardial edema. Interstitial edema occurs during the first few hours after infarction.1'2 Vokonas et a120 and Pirzada et a121 have reported that the initial aneurysmal bulging diminishes beginning at 1 hour and further decreases for the next 5 hours. However, in some patients with anterioapical infarctions, bulging is progressive. 22, 23 Previous uniaxial measurements of infarct stiffness in rabbit myocardium show a progressive increase in myocardial stiffness at 1 to 3 weeks after infarction.58 Our mechanical testing was performed over a much longer postinfarction period, so our initial stiffening period roughly corresponds to these studies. However, the stiffness reversal period lies beyond the duration of the studies in rabbits.
In the study by Parmley et a19 of resected ventricular aneurysms and autopsy material, they observed that mature fibrous ventricular aneurysms were seven to eight times stiffer than fibromuscular aneurysms and normal myocardium. This observation suggests that the number of viable muscle fibers in the aneurysm may affect the material properties of the aneurysm late in the healing period and afterward. Healed human infarctions vary considerably in the ratio of fibrous to muscular tissue and probably vary considerably in material properties, as the study by Parmley et al suggests. Sheep anterioapical infarctions consistently evolve into fibrous aneurysms but also contain a mixture of collagen and isolated groups of muscle strands.4'24 The ratio of collagen to muscle tissue probably affects both material properties and anisotropy of the infarct; however, more investigation is needed to establish this.
Previous studies indicate a direct correlation between infarct stiffness and the hydroxyproline content of the infarct. We also find a progressive increase in hydroxyproline content during the initial period after coronary arterial ligation. However, as the infarct becomes more compliant, hydroxyproline content, a reliable marker for collagen content, progressively increases. This paradoxical relation underscores the conclusion that infarct stiffness is not related to collagen content alone. Stiffness probably is also affected by collagen cross-link density25 and arrangement of collagen bundles.26-28 Caulfield and colleagues3 found that the "normal" collagen matrix was replaced by a complex "abnormal" distribution of collagen after myocardial infarction. The reduction in stiffness in late chronic infarcts has been seen in other contexts. Connelly et a18 found that "late" reperfusion, 3 hours after infarction, led to a 50% reduction in tensile strength at 3 weeks without any change in hydroxyproline content. These investigators also found a significantly reduced collagen cross-link density in a late-reperfusion group and suggested that this might also be a determinant of tissue stiffness.
Other investigators observed that ventricular stiffness decreased in growing rats (1 to 8 months), even though there was an increase in connective tissue during this period.29 Similar findings have been reported in studies of open-wound healing, where the tangent modulus (indicative of stiffness) was found to increase initially but eventually decrease within 180 days.30 They hypothesized that this extensibility was due to sliding of collagen bundles past one another. 30 Anisotropic behavior of infarcted ovine myocardium reverses within the first 2 weeks. Until then, myocardium is always more stiff in the longitudinal direction than in the circumferential direction. After the second week, myocardium is stiffer in the circumferential direction. Static analysis of axisymmetrical pressure vessels indicates that the circumferential direction must withstand greater tension than the longitudinal direction. The late change in infarct anisotropy is particularly intriguing because a number of experiments suggest that the pattern of collagen deposition in the infarct depends on the pattern of stress seen in the infarct.3.31 If so, this collagen realignment may produce the observed anisotropic behavior.
The remote (basal) region also undergoes stiffness reversal during the healing period. There is a transient rise in stiffness in both circumferential and longitudinal directions, which peaks at 1 week and returns to control by 6 weeks. The changes in compliance and anisotropic behavior of infarcted myocardium during the healing period indicate a dynamic role of the infarct in the remodeling process and in ventricular performance. Acute infarction subjects the heart to an immediate increase in mechanical load that is partially compensated by the Frank-Starling mechanism in nonischemic myocytes.2,38 Diastolic wall stresses increase severalfold39A40 and cause cavitary dilation and eccentric hypertrophy. 34 There is slippage between nonischemic myocytes,39 and release of circulatory and neuroendocrine transmitters stimulates hypertrophy of viable cells. 41 Increased infarct stiffness during remodeling most likely attenuates regional and global ventricular dilation and, therefore, wall stresses. Differences in direction of infarct stiffness (ie, longitudinal versus circumferential) may affect infarct deformation and wall stress and, consequently, ventricular geometry and performance. Our observation that infarct stiffness decreases after the initial rise means that infarct deformation and wall stress will increase as the infarct becomes more compliant, and performance will decrease.
The changes in material properties after acute myocardial infarction may vary between species and likely vary between patients for a variety of reasons. The sparse data available suggest that myocyte survival within the infarct and the pattern and type of collagen synthesis may be influenced by the severity of local ischemia, local stresses, local hormones and autacoids, and other factors. The resulting compliance and anisotropy of the infarct represent the sum of the biochemistry and histology of the infarct and the mechanical forces acting on the infarct and ventricle. The data provided by these studies clearly indicate that the relation between regional stresses and mechanical properties is dynamic during the healing period. More data describing the material characteristics of both infarct and nonischemic tissue at various intervals after acute myocardial infarction are needed from animal as well as human samples. Furthermore, these data require correlation with in vivo measurements of ventricular strain, histology, clinical outcome, and the morphology and biochemistry of the collagen network. Because so little is known of the relation between the biochemistry and histology of the healing infarct and the mechanical properties of the infarct at various stages during the healing process, predictions of ultimate ventricular geometry and performance for individual patients remain speculative.
Study Limitations
There are several unaddressed considerations that remain before the role of the ventricular material properties in the remodeling process after acute myocardial infarction can be understood. This study lacks in vivo data to follow changes in reference lengths, Id,, which indicate inelastic (ie, plastic or creep) deformation during remodeling. In an earlier study,42 thinning and stretching of borderzone myocardium were observed after surgical plication of ovine anterioapical aneurysms. Thickening of remote myocardium 4 hours after infarction in this study raises the possibility of reverse creep. We have no data regarding changes in viscoelastic properties of borderzone and remote myocardia and no data regarding material properties of myocardium during systole. Although changes in regional ventricular wall stresses are widely thought to drive the remodeling process, we did not estimate regional stresses and therefore cannot comment on the relation between regional stress distribution and the observed changes in material properties. Last, ovine infarcts must be more systematically defined histologically. The ovine infarct, like the human infarct, is not homogeneous, and the mix of collagen, muscle, and supporting tissues probably varies between individual animals and patients. Changes in the architecture of the collagen network in surviving myocardium remain unknown.
Nevertheless, these studies underscore that the material properties of not only the infarct but also surviving myocardium change after coronary arterial occlusion and that these changes probably affect the remodeling process and ventricular performance. The discovery of increasing compliance in infarcted myocardium after initial stiffening implies that in some patients, increasing ventricular wall stresses produced by remodeling are not relieved by transitory infarct stiffening. Thus, this study suggests that infarct healing may not sufficiently counteract the forces producing ventricular dilatation.
Inferences
Recognition of the dynamic changes in the mechanical properties of the healing infarct introduces the possibility of interventions. Pharmacological or surgical methods (eg, cardiomyoplasty) to increase infarct stiffness may favorably alter the remodeling process and better preserve ventricular function. For example, angiotensin-converting enzyme inhibitors improve survival after myocardial infarction,43 but the mechanism probably is more complex than simple reduction of afterload.44 It is possible the drug alters the mechanical properties of the healing infarct as well. Reperfusion may reduce the size of the infarct even if too late to rescue myocytes, and this may be due to altered mechanical properties of the necrotic myocardium. These and other possible interventions directed toward stiffening the infarct during the healing process may eventually prevent the late ventricular dilation and functional deterioration that occur in some patients after acute myocardial infarction. 45 
where k, equals (kl+k2) divided by 2. This is the form of the constitutive relation used in this study.
